It has been recognized since at least as early as the mid-1500s that inhaled minerals (i.e., inorganic particles) can pose a risk. Extensive research has focused on the biological mechanisms responsible for asbestos-and silica-induced diseases, but much less attention has been paid to the mineralogical properties and geochemical mechanisms that might influence a mineral's biological activity. Several important mineralogical characteristics control a mineral's reactivity in geochemical reactions and are likely to determine its biological reactivity. In addition to the traditionally considered variables of particle size and shape, mineralogical characteristics such as dissolution behavior, ion exchange, sorptive properties, and the nature of the mineral surface (e.g., surface reactivity) play important roles in determining the toxicity and carcinogenicity of a particle. Ultimately, a mineral's species (which provides direct information on a mineral's structure and composition) is probably one of the most significant yet most neglected factors that must be considered in studies of toxicity and carcinogenicity.
Introduction
In his 1556 treatise De Re Metallica, Georgius Agricola noted that miners exposed to dust from some mines had increased risks for various diseases, including consumption (1) . Although it is not clear from Agricola's description whether or not consumption refers specifically to tuberculosis or more generally to pneumoconiosis, it is interesting to note that the links both between dust exposure and tuberculosis and between dust exposure and pneumoconiosis were borne out in later studies, induding work 400 years later by King and co-workers (2) (3) (4) (5) (6) (7) (8) . By the time of King and co-workers, it was generally recognized that inhaled minerals can initiate a number of responses, including the formation of ferruginous bodies (9) (10) (11) (12) , fibrosis (3, 4, (6) (7) (8) (13) (14) (15) (16) (17) , and shortly thereafter carcinogenesis (18) (19) (20) (21) .
Even (perhaps especially) at these early stages of research on mineral-induced pathogenesis, it was recognized that the key to understanding why some minerals are toxic or carcinogenic is to link mineralogical properties with biological processes. Much of this insight came from the work by King and co-workers, through their collaborations with G. Nagelschmidt, a mineralogist, and to a lesser extent V.M. Goldschmidt, who is considered by many to be the founder of modern geochemistry. Through these collaborations, King and co-workers investigated the biological activity of a list of minerals that is truly impressive: olivine (22) , kaolin minerals (4, 6, 14) , micas (2) , various silica polymorphs (induding quartz, tridymite, cristobalite, and amorphous silica) (5, 7, (23) (24) (25) , various forms of aluminum and iron oxides and hydroxides (including boehmite or y-AIOOH, corundum, or a-AI203-which is isostructural with hematite, y-A1203, goethite, or a-FeOOH, and lepidocrocite ory-FeOOH) (3, 8) , and berlinite or AIPO4 (8) .
As demonstrated by their use of mineral species names to describe their materials, King and co-workers must have recognized that the structure and composition of a material (the two characteristics that define a mineral species*) are critical to determining the way in which a material interacts with its environment. This is a fundamental principle in the geosciences, where it has long been recognized that each mineral species possesses unique properties (derived from its crystal structure and/or composition) and that these properties determine how a mineral interacts with its environment.
In this paper, I address a number of mineralogical properties that affect how a mineral interacts with its environment. Some of these properties have been shown to affect toxicity and carcinogenicity, and some are known to be important in geological processes but have not been explored with respect to biological processes. An underlying principle throughout this paper is that pathogenesis originates at the mineral-fluid-cell interface, so interactions between a mineral and fluid or a mineral and a cell may ultimately lead to disease. These interactions range from indirect interactions between a mineral surface and extracellular or intracellular fluids (including fluids associated with phagosomes and/or lysosomes) to direct interactions between a mineral surf&ce and cell-surface receptors or other components of a cell's membrane. To gain insight into what mineralogical properties are important for a mineral's role, we can borrow from the geosciences where a large range of mineral-fluid interactions have been and continue to be studied. I discuss briefly several properties that are commonly addressedparticle size/shape, mineral species (structure/composition), dissolution, and surfaces.
I also discuss two properties that are seldom addressed-cation exchange and oxidation/reduction. All these properties are known to affect the way in which a mineral interacts with a geological fluid and are likely to play roles in mineral-fluid interactions in the lung.
*Mineral species are applied in much the same way as animal/plant species: A mineral species is the most specific distinct division within the classification scheme for minerals. It defines a specific crystal structure and a composition or compositional range. Sometimes subspecies (termed varieties) are defined based on characterstics such as morphology or crystal habit (e.g., crocidolite is the varietal term for asbestiform riebeckite).
Mineralogical Properties Important in Toxicity
Solids can be divided into two broad categories based on the property of translational periodicity: crystalline and noncrystalline (or amorphous). Translational periodicity is the characteristic that allows the extended structure existing throughout a single-phase particle to be represented by a smaller subunit that is translated along non-coplanar vectors in three dimensions, in the same way that a wall might be represented by a brick or cinderblock that is translated in two dimensions. Translational periodicity is necessary for a structure to diffract X-rays constructively (which is why proteins must be crystallized for structural analysis), but it also imparts a wide range of properties to minerals that differentiate them from amorphous materials. In fact, crystallinity appears to be an important factor in toxicity/carcinogenicity, as exemplified by the higher biological reactivity of some types of crystalline silica compared with noncrystalline silica (26 These principles form the motivation for the remainder of this paper, which will attempt both to address some of the mineralogical properties important in toxicity and to illustrate how a combined mineralogical and biological approach can improve our understanding of these complex processes. The first three topics (mineral species, particle size and shape, and sample history) cover properties that in general should be determined for every sample studied. The the term titanium dioxide to describe a material. This lax approach to sample description can lead to a false sense of confidence in the ability to interpret results from various studies. For example, one is led to believe that the results for titanium dioxide in one study can be compared with results for titanium dioxide in another study. In fact, TiO2 or titania crystallizes in at least seven different polymorphs (i.e., different structures), including rutile ( Figure 1C,D) , anatase, brookite, and TiO2 (B) (31) for figures of these last three polymorphs). In addition, titanium oxides with stoichiometries different from TiO2 occur (i.e., where the oxidation state of Ti is not uniformly Ti4+). Each of these forms of titanium oxide has different properties (31) . For example, anatase is used as a catalyst (32, 33) and photocatalytic (34) (35) (36) . Differences in biological activities have also been noted for the polymorphs of TiO2 (37) (38) (39) . Nevertheless, it is commonplace to read that a particular study used TiO2 as a negative control. Clearly, in the absence of information on the crystal structure of a material, the use of a chemical term such as titania or titanium dioxide is inadequate information to provide for a sample used in a toxicity study.
Although mineral species is one of the most critical characteristics to be determined for a sample used in a toxicity, there are cases for which the use of a mineral species name (which defines the ideal composition and bulk structure) is insufficient information for describing a sample. With respect to composition, this can occur when the mineral species is defined for a range in composition or when the composition of the sample deviates from the ideal stoichiometry. The first case is well illustrated by the asbestiform amphiboles. For example, asbestiform riebeckite (or crocidolite) has an ideal end-member composition of Na2Fe3+Fe2+ Si8O22(OH)2, but the mineral species riebeckite is actually defined over a much broader range of composition, which allows for a) potassium and sodium to partially occupy the "A" site, which is omitted in the ideal formula; b) up to 50% replacement of the iron by magnesium; and c) limited other substitutions for sodium, iron, silicon, and hydroxyl (40) . These compositional variations can have profound affects on the sample's properties, including toxicity. For example, one can easily imagine that a significant replacement of iron by magnesium would have an impact on the particle's ability to drive the Fenton-type reactions that are currently believed to explain crocidolite's extreme biological activity (41, 42) . Hence, a compositional analysis must be provided for the particular crocidolite sample used in a toxicity study. The second case can occur even for well behaved minerals like quartz, which can have up to a few wt-% of elements like Al and Fe (28) .
These minor and trace elements can have a significant impact on the biological reactivity of quartz (43) .
In some cases, mineral species inadequately describes a material's structure because the presence of defects (which are deviations from the ideal structure) introduce significant variation into the material's properties. For example, ostensibly non asbestiform riebeckite and asbestiform riebeckite (crocidolite) share the same structure. However, samples of crocidolite generally have a large proportion of chainwidth defects, which imparts unique mechanical properties on crocidolite (i.e., crocidolite is flexible whereas nonasbestiform riebeckite is not) (27) . These defects can additionally impart other differences in the properties between the two materials (e.g., the diffusion of cations within and the dissolution properties of amphibole are affected by chain-width defects, both of which will affect the release of iron to the fluid). Hence, the differences in biological activities noted for these materials (44, 45) cannot be uniquely attributed to particle morphology, as is often done. Partide Size and Shape Particle size and shape are universally considered important factors in pathogenesis and are faithfully reported in most studies. There are several understood (or partially understood) mechanisms by which size and shape may influence toxicity and carcinogenicity, including fate of the particle (from deposition to physical translocation to cell-mediated translocation), surface area, types of reactive sites, particle-cell interactions, and catalysis.
Particle size and shape exert a major control on deposition, translocation, and clearance (i.e., the fate of a particle following inhalation). Deposition (48) . Translocation (particularly from the airways through the parenchyma to the pleura) is also affected by particle size and shape as demonstrated by the observation that fibrous particles are commonly found in the pleural space. Finally, clearance mechanisms-e.g., dissolution rate, which is an important clearance mechanism for rapidly dissolving materials like chrysotile (49) , and cellular clearance mechanisms such as phagocytosis and translocation-are strongly limited by particle size and shape.
Size and shape also determine the surface area of a particle and, perhaps more importantly, the surface area per unit volume or per unit mass of the sample. Particle volume (and hence mass) scales with the cube of a particle size, whereas the surface area of a smooth particle scales with the square of particle size. In other words, small particles have larger surface areas per unit mass than larger particles, which means that smaller particles have more reactive surface available on a per-mass basis. Consequently, a number of researchers have argued in favor of comparing toxicity of materials on a per-fiber (or per-particle) basis rather than on a per-mass basis (50) . "Per surface area" is probably a more defensible basis on which to compare results, but only a few studies have endorsed this approach (51) .
Another important aspect of particle morphology relates to the nature of reactive sites on the particle surface (as discussed below), because a particle's morphology determines the exposure of various reactive sites. For example, the active sites associated with the ends of crocidolite fibers (which differ dramatically from the active sites associated with the sides of the fibers) have lower exposed areas than they would in a case where the crocidolite formed Figure 2 . Schematic representation of a particle with a fibrous versus platy morphology. If the fiber were a crocidolite fiber 0.1 pm x 0.1 pm x 0.1 pm (i.e., 0.1 pm3), the fiber ends-the shaded end that corresponds approximately to the (001) plane-would have a surface area of 2 x 0.01 pm2; whereas a hypothetical platy crocidolite of the same volume (1 pm x 1 pm x 0.1 pm) and with the plates parallel to (001) would have a (001) surface area (shaded) of 2 x 1 pm2, i.e., two orders of magnitude greater. Hence, particle morphology impacts the exposed surface areas of a material.
sheet-like particles normal to the fibers (Figure 2 ).
Recent work presented at this conference suggests that fiber length may affect particle-cell interactions by causing mechanical stresses on the cell surface (52) . Mijailovich and co-workers hypothesize that the contact of a long fiber with alveolar epithelium that is in cyclic motion because of tidal breathing causes stresses on the cell that trigger a response.
Finally, a number of materials become effective catalysts when their particle size becomes extremely small (i.e., <<1 pm).
One component of this increased catalytic activity may relate to increased surface area; however, other surface-related properties of finely crystalline materials also vary dramatically from those of more coarsely crystalline materials. Similarly, biological activity apparently is altered by extremely small particle sizes. For example, Driscoll and Maurer (39) found that very finegrained (<0.01 pm) TiO2 is more active than larger-grained (1 pm) samples of the same material.
Sample History
The surface of a partide can be significantly altered by processes related to the sample's history. For example, grinding of a material can produce freshly fractured surfaces with numerous high energy sites (e.g., unsatisfied bonds and steps/ledges), and these surfaces are known to be more reactive in geological environments (53) . Similarly, these surfaces are more reactive in biological environments, and several studies have noted a distinct difference between freshly fractured materials and aged materials (54) .
In addition to surface aging in air, however, there are a number of sample preparation techniques that have the potential to affect a particle's surface properties significantly, including sterilization processes (e.g., alcohol treatment, autoclaving, and dry heating) and suspension of samples in buffers or media. No studies have investigated systematically how these treatment methods affect various reactive sites. Nevertheless, it is important to document a sample's history thoroughly so that the potential impacts of various aspects of its history can be evaluated.
Sorption and Cation Exhange
One of the principle ways in which a mineral can interact with a fluid (particularly in the short term) is through an exchange of an element or molecule (e.g., by ion exchange). Ion exchange occurs when a sorbed species on the mineral exchanges with a similarly charged species in the fluid (55) . This definition implies that any mineral has the potential to exchange ions with a fluid. Most minerals have only a limited capicity for cation exchange because sorption occurs only at the surface (i.e., adsorption). For such materials, the capacity for cation exchange is related to surface area, and the complexation of ions or molecules with the surface can have an important effect on a mineral's reactivity. Some minerals (e.g., zeolites), however, have much greater capacities for cation exchange for given masses because the ions can diffuse rapidly from the surface of the mineral to its interior, thereby enabling the entire particle to provide a buffering capacity.
As noted by various investigators (56, 57) , the extreme biological activity of erionite (45, (58) (59) (60) and the interest in other zeolites (44, (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) raises the question, "Does cation exchange play a role in mineral-induced pathogenesis?" because cation exchange is one of the defining characteristics of zeolites (others being molecular-sieving capabilities, high catalytic potential, and high surface internal area accessible to small molecules). Cation exchange could play an important role in cellular responses through a number of mechanisms, including the buffering of cation (e.g., calcium) activity at the surface of a cell. Nevertheless, relatively little attention has been given to the potential role of cation exchange. Guthrie and co-workers (71) (72) .
It has long been argued that hydrogenated surface sites (e.g., silanol groups) are responsible for the toxicities of the silica polymorphs because they function as hydrogen donors. In support of this is the fact that the hemolytic reactivity of quartz can be diminished (73) by treatment with polyvinyl-pyridine-N-oxide (PVPNO), a polymer that binds to proton donor sites.
Oxidation-Reduction
The transfer of electrons between a mineral and fluid drives a number of geochemical processes. In general, silicates and many other minerals are considered to be insulators (i.e., they do not conduct electrons rapidly). At higher temperatures (hundreds of degrees Celsius), some silicates begin to conduct electrons sufficiently rapidly to allow their electrical properties to be studied somewhat routinely. The oxidation/ reduction properties of the amphibole asbestos minerals crocidolite and amosite have been studied extensively at high temperatures, beginning with the pioneering studies ofAddison and co-workers (74) (75) (76) . Although they focused on higher temperatures (450-6150C), they studied the kinetics of the reaction down to 350°C and noted that oxidation can occur even at 0°C. At lower, physiological temperatures, the rates may be too low to measure effectively in a laboratory experiment, but they may be sufficiently high to provide a chronic source (or sink) of electrons for reduction (or oxidation) of fluid species (e.g., to form free radicals).
Interestingly-and predictably based on mineralogy-the resistance of amphiboles varies strongly with crystallographic direction. Electron conduction occurs most rapidly along the length of the fibers (i.e., along the octahedral strips that contain iron). Crystallographically similar electron conduction pathways occur within the octahedral sheets of phyllosilicates like biotite (i.e., at the edges of the sheets readily formed by the dominant cleavage direction in micas), which is why micas are effective insulators normal to their sheets (they are exploited this way in capacitors) but have much lower resistance along their sheets.
Although most investigations of oxidation-reduction and conduction in silicates have focused on high temperatures, these processes are known to be important for a number of reactions at lower temperatures (e.g., < 50°C). For example, electron transfer reactions have been shown to be important in the weathering at ambient temperatures of minerals such as amphibole (77) and magnetite (78) , in the formation of copper ore deposits (79) , and in the sorption of metals such as Cr to the mineral surface at 250C (80) . Clearly, the transfer of electrons between minerals and fluids is important at physiological temperatures and, as shown in Figure 4 , this redox process is strongly controlled by the crystal structure.
The propensity for a redox reaction to occur can be assessed by comparing the EH Environmental Health Perspectives * Vol 105, Supplement 5 * September 1997 I Figure 4 . A secondary electron image of a biotite crystal that has interacted with a fluid containing silver sulfate such that electrons have been transferred from the mineral to the Ag+ in the solution. Crystals formed at 25°C over the course of several days. Note that the silver crystals form at the edge of the biotite crystals where the octahedral sheets surface. Photograph used with permission of Eugene Ilton (Lehigh University (54, 84, 85) . Such a process produces a transient or acute burst in free radicals that ceases once the particle surface has been passivated (i.e., once the surface radicals have equilibrated). Electron transfer involving the internal regions of the crystal (through transfer between the surface and interior) has the potential to produce a sustained or chronic redox condition to drive formation of radicals in the fluid. In addition, once electron transfer to the fluid has occurred, iron release to the fluid (to maintain charge balance) could provide another mechanism for driving Fenton-type reactions. Several lines of evidence support the notion that electron transfer processes are important in pathogenesis. Fubini and coworkers (86) reported that magnetite will breakdown hydrogen peroxide, whereas hemnatite (Fe2O3) will not, which suggests that Equation 1 plays an important role in the formation of free radicals. Figure 4 shows a mica crystal that has reduced silver from solution to cause its precipitation at the redox-active edges. Similarly, in his descriptions of ferruginous bodies, Roggli (87) shows several particles of mica recovered from human lung (his Figures 3-18) (89) .
Surfac
Ultimately, the surface is that part of a mineral that interacts with a fluid or cell. For some materials, the structure at the surface can differ substantially from the structure exhibited by the bulk (89) . These differences between the surface and the bulk can range from simple distortional relaxation of surface atoms to a completely different material on the surface. Frequently, a dissolving mineral will form a precipitate at the surface with a composition/structure that differs from the bulk material. Even chemically simple minerals such as quartz can have surfaces that are structurally different from the bulk (90, 91) ; at another extreme would be a fiber of amphibole asbestos, which likely has much of its surface covered by a phyllosilicate-like material that is both compositionally and structurally distinct from the bulk amphibole (27) . Clearly, there is a large range of surfacerelated factors that can change the active sites on the surface, can affect binding/sorption processes on the surface, can affect dissolution characteristics, and can generally have an impact on a mineral's pathogenic potential. A detailed discussion of surface characteristics important in pathogenesis is beyond the scope of this paper, but some of these aspects are addressed in Guthrie (26, 28) and Hochella (89) .
